group.
In such cases spectrophotometry coupled with derivatization and analysis in a suitable micellar medium is useful in analyzing the complex matrixes. The high solubilizing capacity of micellar systems 20, 21 and derivatization of spectral profiles not only offer a convenient solution to the resolution of absorption profiles of multicomponent systems, 22 but also enhance the spectral details and analytical value of the normal photometric analysis. 23, 24 This paper describes a simple and selective derivative spectrophotometric method for the individual and simultaneous determination of trace amounts of gallium(III) and indium(III) using 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol, a chromogenic reagent 25 and a cationic surfactant, cetylpyridinium chloride. 21 Various parameters for the determination of the above metal ions have been evaluated and conditions have been optimized for their simultaneous determination in synthetic binary mixtures, standard reference materials and environmental samples.
Experimental

Instruments
Normal and derivative absorption spectra were recorded on a Shimadzu UV/VIS-260 spectrophotometer using 10 mm fused silica cells. First-and second-order derivative spectra were recorded with ∆λ = 2 and 4 nm, respectively, and a bandwidth of 1 nm. A digital pH-meter (ECIL, India Model PH 5662) was used for pH measurements.
Reagents
All chemicals used were of analytical grade. Aqueous stock solutions (≈0.01 M) of Ga 3+ and In 3+ were prepared from Ga2(SO4)3 and In2(SO4)3 (Fluka) samples, standardized 4, 26 and diluted as required. An appropriate amount (6.78 mg) of 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol, 5-Br-PADAP (Fluka), was first dissolved in a minimum amount of hydrochloric acid and 1.50 g of cetylpyridinium chloride, CPC (E. Merck), was added to it. This mixture was then diluted to 50 ml with water to give a 4.00 × 10 -4 M solution. In all working solutions, requisite amounts of Ga 3+ /In 3+ , 5-Br-PADAP, ammonium acetate (buffer), and CPC were taken in a 10 ml calibrated flask to give final concentrations of 0.023 -0.700 µg ml -1 /0.076 -1.520 µg ml -1 , 3.00 × 10 -5 M, 2.50 × 10 -2 M and 0.15% (m/w), respectively, unless stated otherwise. 3+ and In 3+ Instrumental parameters such as ∆λ, slit width, and scan speed are optimized to give a constant position of isodifferential/zero cross-over points. The optimum ∆λ for a satisfactory signal-tonoise ratio was found to be 2 and 4 nm for first-and secondorder derivative modes. A slit width of 2 nm and scan speed of 60 nm min -1 (lowest) was found suitable for simultaneous determination of Ga 3+ and In 3+ . Response time is automatically selected by the spectrophotometer in accordance with the optical energy and the scan speed.
Simultaneous determination of Ga
The positions of isodifferential (zero cross-over) points of gallium and indium complexes were determined by recording first-and second-order derivative spectra of the two sets of solutions, one containing varying amounts of Ga 3+ ions and the other containing varying concentrations of In 3+ ions, but both containing fixed amounts of 5-Br-PADAP, CPC, and ammonium acetate. The calibration graph for determination of Ga 3+ in the presence of In 3+ ions was prepared by measuring the derivative amplitude (in mm) at the isodifferential point (I3, 547 nm) of the 5-Br-PADAP-In 3+ complex and plotting against the concentration of the analyte (Ga 3+ , in µg ml -1 ), and vice-versa for In 3+ ions (at 553 nm, G1). 3+ and In 3+ in environmental samples, standard reference materials and synthetic binary mixtures To 0.1 -0.5 g of the sample (Citrus leaves or Chlorella, National Institute of Environmental Studies, NIES) was added a known amount of Ga 3+ and In
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. The sample was mineralized by heating with an adequate amount of nitric acid. Excess acid, if any, was decomposed by further heating. The sample was finally made up to 100 ml with distilled water.
A 0.3 -0.5 g aliquot of SRM was treated with 30 -50 ml of dilute hydrochloric acid (1 + 1). Then 30% H2O2 (3 -5 ml) was added; excess peroxide was decomposed by boiling to near dryness. The residue was dissolved in a minimum volume of 2% HCl; this mixture was cooled, filtered and diluted to 100 ml with distilled water. Known amounts of Ga 3+ and In 3+ were added to the sample during mineralization.
Since iron, manganese and copper ions cause serious interference in photometric determination, these were masked by adding 0.2 -1.0 ml of 10% sodium fluoride and/10% sodium thiosulfate to the working solution.
The concentrations of Ga 3+ and In 3+ ions in environmental, SRM and synthetic binary mixtures were then determined by measuring the derivative amplitudes at isodifferential/zero cross-over points and calculating their concentrations with reference to the calibration graph.
Results and Discussion
Effect of experimental variables
Normal absorption spectra of Ga 3+ and In 3+ complexes show maximum absorption (λmax) values at 553 and 558 nm, respectively, whereas the free ligand has λmax at 450 nm. The relative increases in absorbance due to complex formation at 553 nm and 558 nm remain constant in the pH ranges 3.5 -5.0 and 4.0 -6.5, respectively. Subsequent studies have been carried out at λmax of the two complexes and at pH 4.0 and 5.7, respectively.
The effect of surfactants: cationic (cetylpyridinium chloride, CPC and cetyltrimethylammonium bromide, CTAB) or anionic (sodiumlauryl sulfate, SLS) or neutral (Triton X-100), on spectral characteristics of 5-Br-PADAP chelates of gallium(III) and indium(III) was investigated in normal mode. In the presence of CPC, the chelates exhibited maximum extinction; even complex formation takes place at a relatively lower pH. 23 Hence CPC was chosen for micelle formation in both the systems and its concentration was kept at 0.15% (m/w).
The complexation reaction of 5-Br-PADAP with Ga 3+ and In 3+ in the presence of CPC is reversible between the optimum pH of ).
ε complex formation and pH 11.5. Absorbance of the complexes is stable for up to 24 h at 20 -30˚C. As turbidity appears at ≤15˚C due to solid micelle formation, studies are carried out at 20 -30˚C.
Stoichiometry and effect of ligand concentration
Stoichiometry of the complexes formed under optimum experimental conditions is found to be 1:1 (M:L) in each case.
Absorption of the complexes measured against water as blank was corrected for the presence of the uncomplexed ligand using Eq. 
Calibration graphs
The linear regression of absorbance at λmax of the analyte, [A]553nm or [A]558nm, and the respective corrected absorption, [A]corr (calculated using Eq. (1)), on Ga 3+ or In 3+ concentration (µg ml -1 ) shows a good fit, evidenced by the correlation coefficients given in Table 1 .
First-order derivative spectra of both systems are of analytical value as they provide correct positions of λmax of the 5-Br-PADAP complexes of gallium and indium, corresponding to the cross-over points at 553 and 558 nm, respectively. Calibration curves between derivative amplitude (peak height/trough depth, in mm) and the metal ion concentration (µg ml -1 ) at different wavelengths show a good linear fit and are recommended for estimation of the analyte in derivative mode (Table 1 ).
Beer's law range and photometric characteristics of gallium(III) and indium(III) complexes (w.r.t. metal ion), calculated using corrected absorbance values [A]corr and under optimum experimental conditions, are reported in Table 1 .
Detection limit and sensitivity
The sensitivity of both systems is reported as analytical sensitivity: SA = Ss/m; here Ss is the standard deviation of the analytical signal at any particular concentration of the analyte, and m the slope of the calibration graph. The limit of detection, CL(k=3), the limit of quantitation, CQ(k=10), and the precision (RSD %) of 5-Br-PADAP complexes of gallium and indium in different modes evaluated for six samples containing 0.23 µg ml -1 and 0.38 µg ml -1 of Ga 3+ and In 3+ ions, respectively, and some other analytical parameters are given in Table 1 . The results show that the measurement of derivative amplitudes at 563 nm [TD] in first-order derivative mode and at 558 nm [TD] in second-order derivative mode are recommended for the determination/detection of Ga 3+ and In 3+ ions, respectively. Wavelengths in the derivative modes (marked a) are identified based on large dynamic range, better sensitivity and precision ( Table 1 ).
The present method using 5-Br-PADAP in CPC medium is analytically superior as it shows wider linear range (LR in µg ml -1 ) and lower detection limit (DL in ng ml -1 ) for Ga 3+ 
Effect of foreign ions
The effects of the presence of cations, anions and complexing agents on the trace level determination of gallium (0.092 µg ml -1 ) and indium (0.152 µg ml -1 ) in aqueous phase have been investigated in normal as well as in derivative modes. It is observed that the ligand 5-Br-PADAP, like other azo ligands, complexes with a number of metal ions. The formation of a complex between gallium(III) or indium(III) and 5-Br-PADAP is completely masked by EDTA and oxalate. Though , and Cu 2+ ions could be masked by 1.0 ml of NaF (10%) 0.8 ml of Na2S2O3 (10%), respectively ( Selectivity of the method is considerably enhanced by recording spectra in the derivative mode, in which closely overlapped absorption profiles in normal mode of the analyte and the interfering cations get resolved into separate peaks, troughs and cross-over points. Absorption profiles, due to presence of the cations of In, Tl, Cu, Co, Ni and Zn, in the case of Ga 3+ complex, and the cations of Ga, Tl, Cu, Co and Zn in the case of In 3+ complex, get resolved from that of the analyte in higher order derivative modes, enabling the determination of the latter in the presence of the listed ions. Trace determination of Ga 3+ and In 3+ in the presence of each other has been selected for detailed investigations, as 5-Br-PADAP complexes of both these ions have overlapping spectral profiles and very close λmax. 3+ and In
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As the absorption maxima of 5-Br-PADAP complexes of Ga 3+ and In 3+ differ only by 5.0 nm, their simultaneous determination cannot be carried out using zero-order spectrophotometry. The 5-Br-PADAP complexes of Ga 3+ and In 3+ in a cationic micellar medium at pH 4.40 show one and two isodifferential (or zero cross-over) points in first-and second-order derivative mode (Figs. 1a & b) , respectively. Calibration graphs for the determination of gallium ions were prepared at 558 nm (I1) and 567 nm (I2), and 547 nm (I3), the isodifferential points of indium complex in first-and second-order derivative mode, respectively, and are plotted against Ga 3+ ion concentration. The measurement of derivative amplitudes (dA/dλ or d 2 A/dλ 2 ), at I1, I2 and I3, is independent of In 3+ concentration (Figs. 2a &  b) . Similarly for In 3+ ions, changes in derivative amplitude have been measured and plotted against indium concentration, at 553 nm (G1), and 564 (G2) and 542 nm (G3), the isodifferential points of gallium complex in first-and second-order derivative mode, respectively. The presence of Ga 3+ and In 3+ ions changes the derivative amplitude at the isodifferential points of 5-Br-PADAP complexes of indium(III) and gallium(III), respectively (Figs. 2a & b) . The linear regression analysis of the change in derivative amplitude at isodifferential points (in mm) on the respective metal ion concentration (µg ml -1 ) shows the following relationship, with a good linear fit as evidenced by their residue square values (r). Simultaneous determination of gallium(III) and indium(III) is recommended at I3 (547 nm) and G1 (553 nm), respectively, based on the stability of isodifferential points over a large determination range, better sensitivity and reproducibility. Linear plots are obtained for Ga 3+ and In 3+ ion concentration from 0.07 to 0.70 µg ml -1 and 0.115 to 1.150 µg ml -1 at the isodifferential points of 5-Br-PADAP complexes of indium(III) and gallium(III), respectively.
Analytical applications
The validity of the method was tested by determining Ga
3+
and In 3+ contents of environmental and SRM samples. Determinations were carried out at the isodifferential points of indium and gallium complexes, respectively. Results of simultaneous determination as well as the certified amounts present in the samples are reported in Table 3 . Gallium(III) and indium(III) contents of the synthetic binary mixture sample solutions were read from the calibration graphs after measuring the derivative amplitudes at I3 and G1, the isodifferential points of 5-Br-PADAP complexes of In 3+ and Ga 3+ , respectively. The observed RSD values 1.26% and 1.52% have been calculated from six replicate samples containing 0.35 µg ml -1 of Ga 3+ ions in the presence of indium(III), and 0.46 µg ml -1 of In 3+ ions in the presence of gallium(III), respectively. The results of analysis of synthetic binary mixtures given in Table 4 show that samples of synthetic mixtures containing 0.07 to 0.70 µg ml -1 of Ga 3+ and 1.15 × 10 -1 to 1.15 µg ml -1 In 3+ ions can be analyzed with a relative error ≤ ± 1.68% and 2.26%, respectively. Ga 3+ and In 3+ ions can be determined in the presence of 16-fold excess of In 3+ and 6-fold excess of Ga 3+ .
Conclusion
A simple and rapid derivative spectrophotometric procedure is developed for selective and sensitive detection/determination as well as simultaneous determination of gallium(III) and indium(III), in environmental, biological, standard reference samples and synthetic mixtures. As compared to photometric and other sensitive methods such as AAS (Ga, 50; In, 20 ng ml -1 ), 10 ICP-AES (Ga & In = 50 ng ml -1 ) 13 and XRF (Ga, 98; In, 81 ng ml -1 ), 11 the proposed method is simple, economical, and comparable in terms of sensitivity (Ga, 0.012; In, 0.035 ng ml -1 ) selectivity and for analysis of various complex matrixes. Table 4 Simultaneous determination of Ga 3+ and In 3+ in synthetic binary mixtures a. Mean value of three determinations (n = 3).
